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Abstract –Steady state visual evoked potentials (SSVEP) are of 
the characteristics of high SNR and effectiveness in short-term 
identification of evoked responses. In most of the SSVEP 
experiments, single high frequency stimuli are used. To 
characterize the complex rhythms in SSVEP, a new multiple 
color stimulus pattern is proposed in this paper.  FFT and 
bispectrum analysis methods are used to detect the phase 
coupling of the two stimulation frequencies in the recorded 
SSVEP. The results show that the rhythms at the duplation, 
sum or difference of the two stimulation frequencies can be 
evoked by multiple color stimulus. 
Keywords –steady state visual evoked potentials, multiple color, 
          FFT, bispectrum 
  

I. INTRODUCTION 
 

Visual evoked potential (VEP) is the electrical response of 
brain under visual stimulation, which can be recorded from 
the scalp over the visual cortex of the brain. A distinction is 
made between transient VEP and steady-state VEP (SSVEP) 
based on the stimulation frequencies. The former arises 
when the stimulation frequencies are less than 2 Hz. 
However, if the repetition rates of stimuli are faster than 6 
Hz so that the new stimuli are presented before the last 
response of the visual system vanishes, a periodic response 
called SSVEP will result. It is composed of a series of 
components whose frequencies are exact integer multiples of 
the stimulation frequency. SSVEP is usually used in the 
short-term identification of evoked responses because of its 
high SNR, such as in brain-computer interface [1]. 

A wide range of approaches to detect SSVEP has been 
devised which exploit its periodic nature. A comb filters 
tuned to the stimulation frequency and its harmonics has 
been used to estimate the SSVEP [2]. An adaptive line 
enhancer (ALE) was used to extract the periodic component 
from random background noise [3]. A new approach of 
adaptive filtering in which both the amplitude and phase of 
the SSVEP are tracked was presented in [4]. A 
periodogram-based method is applied successfully to detect 
SSVEP also [5]. Some other techniques include classical 
frequency-domain approach [6], adaptive matched filtering 
[7], time-frequency analysis [8], and subspace average [9]. 
These methods do not involve the correlation between each 
harmonic. Higher-order spectral analysis can provide more 
information than second-order spectral analysis in this 
aspect. Bispectrum is used in [10] for the detection of 
phase-coupled harmonics in background noise. The results 
obtained for SSVEP suggest that the nonlinearity of human’s 
visual system have at least seven orders. 

The stimuli used to induce SSVEP are typically flashing 
lights or reversing checkerboards. As only one frequency 

predominates in the SSVEP, the background noise or 
artifacts may reduce the reliability of the detection. A new 
stimulation pattern was adopted in our study in which the 
subjects were exposed to two frequency stimuli 
simultaneously. The SSVEP obtained would include the two 
frequencies and their coupling components, which would be 
beneficial to improve the reliability. Characteristics and 
detection methods of SSVEP induced by multi-frequency 
stimulus, especially by multiple color stimulus, will be 
described in this paper. 

 
II. METHODS 

 
A. Multiple color stimulation 

In our previous study, four blinking blocks on the monitor 
were placed close together and flashed at two different 
frequencies simultaneously as the visual stimuli [11]. 
Subjects were asked to focus their eyes on the center of the 
stimuli. The disadvantage of this method was that if the 
subjects shifted their eyes from the center of the stimuli 
during the experiments, the two frequencies would have 
different stimulation intensity.  

In our recent study, four blinking blocks are replaced by a 
multiple color stimulus pattern. 

The subjects were seated comfortably in a sound 
controlled room with dim lighting. Their eyes fixed on the 
screen of a computer monitor in front of them, on which the 
stimuli were presented.  

One blinking block was shown on the monitor, but its 
color was subject to two different frequencies. Red and 
black represent the two states “On” and “Off” of first 
frequency, green and black represent the two states of 
second frequency. If both of the frequencies are in the state 
of “On”, the real color of the block is yellow. Fig.1 shows 
the multiply color, two frequency stimulus pattern. 
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Fig.1 The multiply color, two frequency stimulus pattern. R: red, B: black, 

G: green, Y: yellow. 
 

B. Signal Acquisition and Processing 
The EEG signals were recorded with 200 Hz sampling 

rate at two monopolar channels O1 and O2 according to the 
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international 10-20 system and referred to left and right lobe 
respectively. A notch filter and a high-pass filter with 
cutoff-frequency of 2 Hz were used to reduce power-line 
interference and base-line shift. 

As the purpose of this paper is to detect the phase 
coupling of the two stimulation frequencies in the recorded 
SSVEP, the data are processed in frequency domain using 
FFT and bispectrum analysis. 

The bispectrum is defined as the 2-D Fourier 

transform of the third-order cumulant . Let 

 denote a discrete-time, real-valued 
stationary random process, then 
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Bispectrum is effective for the detection of nonlinearity. 
Suppose that there are three frequency components 1f

2f and  with the phases of 3f 1φ 2φ
f
and  in the signal, 

and the relationships of  and 

exist (so-called Quadratic Phase Coupling), a 

peak at the location

3φ

1f= 23 f+

2φ= 1φ +3φ

21, ff will then emerge in the 
bispectrum. 

 
III. RESULTS 

 
A. FFT method 

Fig. 2 shows the result by FFT method for a SSVEP 
record induced by multiple color stimulus. Data length is 
1024 points. The two stimulation frequencies are 6.45Hz 
and 13.87Hz. The peak components at these frequencies, the 
duplation (i.e. 12.89 Hz) and the difference (i.e., 7.42Hz) are 
obvious in the figure, which suggests that the phase coupling 
of the two stimulation frequencies do exist in SSVEP signal. 

 
B. Bispectrum analysis method 

Fig. 3 shows the results by bispectrum method. The 
stimulus frequencies are 7.23Hz and 8.01Hz. Zero-phase  
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Fig. 2 Spectrum of SSVEP under multi-frequency stimulation. 

 
 

Fig. 3 Bispectrum of SSVEPs induced by 7.23 Hz and 8.01 Hz. 

 
        

Fig. 4 Bispectrum of SSVEPs induced by 6.45 Hz and 13.87 Hz. 
 

forward and reverse filtering is used in preprocessing to 
avoid phase distortion. The results are estimated via direct 
(FFT-based) approach.  

Each data segment has 512 samples, and FFT length is 
1024. The final results are the average of 40 times. We need 
to concentrate only on the region  due to the 
symmetry properties of bispectrum. In addition to the 
frequencies of 7.23 Hz and 8.01 Hz, four more peaks emerge 
at (8.01, 6.45), (8.79, 7.23) and their symmetrical positions. 
Apparently, they are produced by one of the stimulation 
frequencies and the second harmonic of the other 
stimulation frequency. 

120 ff ≤≤

The stimulation frequencies in Fig. 4 are 6.45 Hz and 
13.87 Hz. Though no peak emerges at (13.87, 6.45), the 
peak at (7.42, 7.42) reveals the second harmonic of the 
difference of the two stimulation frequencies, which needs at 
least the fourth order non-linearity. 

 
IV. DISCUSSION 

 
Rhythms at the duplation, sum or difference of the two 

stimulation frequencies can be evoked by multiple color 
stimulus. As Fig. 3 and 4 have shown, this new stimulus 
pattern is effective to yield the coupling components of the 
two stimulation frequencies. 

Considering that in this new stimulus method, the 
stimulation block has smaller size and the subjects have no 



necessity to concentrate on the center of the multiple 
blinking blocks, it is more preferable than four blinking 
block method.  

 
V. CONCLUSION 

 
This paper presents a new approach for SSVEP induction. 

Multiple color stimulation was used as a new stimulation 
pattern to induce SSVEP. Quadratic phase coupling of the 
stimulus frequencies was found in the recorded SSVEP 
signals according to bispectrum analysis.  

Further study is needed to optimize the colors used in this 
method so that the best stimulation effects can be achieved. 
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